Atm1p, a mitochondrial half-type ATP-binding cassette (ABC) protein in Saccharomyces cerevisiae, transports a precursor of the iron-sulfur (Fe/S) cluster from mitochondria to the cytosol. We have identified a novel half-type human ABC protein, designating it MTABC3 (mammalian mitochondrial ABC protein 3). MTABC3 mRNA is ubiquitously expressed in all of the rat and human tissues examined. MTABC3 protein is shown to be present in the mitochondria, as assessed by immunoblot analysis and confocal microscopic analysis of subcellular fractions of Chinese hamster ovary cells stably expressing MTABC3. Accumulation of iron in the mitochondria, mitochondrial DNA damage, and respiratory dysfunction in the yeast ATM1 mutant strain (atm1-1 mutant cells) were almost fully reversed by expressing MTABC3 in these mutant cells. These results indicate that MTABC3 is a novel ortholog of the yeast and suggest an important role in mitochondrial function. Interestingly, the human MTABC3 gene has been mapped to chromosome 2q36, a region within the candidate locus for lethal neonatal metabolic syndrome, a disorder of the mitochondrial function associated with iron metabolism, indicating that MTABC3 is a candidate gene for this disorder.
proteins constitute one of the largest superfamily of membrane proteins in both prokaryotic and eukaryotic organisms, and their general structures are well conserved in evolution (1, 2) . In eukaryotes, most of the members of the ABC protein family function as ATP-dependent active transporters in the plasma membranes and the membranes of intracellular organelle, including the endoplasmic reticulum, vacuoles, peroxisome, and mitochondria (3) (4) (5) (6) (7) . Some ABC proteins, however, function as ion channels or regulators of ion channels (2, 8, 9) . Recently, mutations of ABC proteins have been shown to be responsible for various genetic diseases in man (10) .
Mitochondria provide cells with energy for many biological functions by oxidative phosphorylation. Reactive oxygen species are by-products of respiration. Their interaction with free iron in mitochondria through the Fenton reaction could lead to oxidative damage to lipids, proteins, and DNA in mitochondria (11, 12) , suggesting that iron homeostasis is crucial in the maintenance of mitochondrial function.
Atm1p was the first member of the ABC protein family identified in mitochondria (7) , and it plays an important role in normal cellular growth and iron homeostasis (11, 13) . Further analysis of Atm1p has shown that it transports the precursor of the Fe/S cluster from mitochondria to the cytosol (14) . Because mutation of ATM1 results in mitochondrial dysfunction (11) , mutations of human mitochondrial ABC proteins could be associated with various diseases. Although the complete genomic sequences of Saccharomyces cerevisiae and Escherichia coli predict the existence of 29 and 79 members of the ABC protein family, respectively (15, 16) , only a few mitochondrial ABC proteins have been identified to date.
In the course of our search for human ABC proteins in the mitochondria, two mitochondrial ABC proteins were reported by other laboratories: ABC7, an ortholog of Atm1p (17) , and M-ABC1, the function of which is not known (18) . A mutation of the human ABC7 gene has been shown responsible for X-linked sideroblastic anemia and ataxia (XLSA/A) (19) . Here, we report a third human mitochondrial ABC protein, designated MTABC3. MTABC3 has 31.1% identity to Atm1p and is shown to be involved in iron homeostasis and to play an important role in mitochondrial functions such as maintenance of respiratory function and mitochondrial DNA. The human MTABC3 gene has 19 exons in the protein-coding region and has been mapped to chromosome 2q36. Because the locus for lethal neonatal metabolic syndrome, a disorder of mitochondrial function associated with iron metabolism (20, 21) , has been mapped to the same region, MTABC3 is a strong candidate gene for this disorder.
EXPERIMENTAL PROCEDURES
cDNA Cloning of Human MTABC3-The human EST data base at the National Center for Biotechnology Information was screened with a partial nucleotide sequence of ATM1 as a probe. As a result, two human cDNAs encoding an ABC protein (ABC7) and an ABC transporter-like protein (EST 45597) were found. A partial cDNA fragment of EST 45597 was amplified by polymerase chain reaction (PCR) using a human liver cDNA as a template. The sense and antisense primers used were 5Ј-TTC ACT GTG ATG CCT GGA CA-3Ј and 5Ј-GAT GCA GCC ATC CTT GAT GA-3Ј. PCR was performed for 40 cycles under the following conditions: denaturation for 30 s at 94°C, annealing for 1 min at 58°C, and extension for 1 min at 72°C in a thermal cycler GeneAmp PCR system 9600 (PE Biosystems). The PCR product was subcloned into pGEM-T Easy vectors (Promega) and used as a probe for screening a human liver cDNA library (CLONTECH). Using a 32 P nick-translated probe, approximately 1.2 ϫ 10 6 plaques were screened under highly stringent conditions. The positive clones were subcloned into plasmid vectors pGEM-3Z (Promega) and sequenced in both directions using ABI autosequencer (ABI PRISM TM ). The deduced full-length protein was designated MTABC3.
RNA Blot Analysis-Total RNAs were purified from various freshly isolated tissues of adult Wistar rats and cell lines by the guanidinium thiocyanate-phenol extraction method (22) . For RNA transfer blot, 10 g of total RNA from the various tissues or cells were denatured with formaldehyde, electrophoresed on a 1% agarose gel, and transferred to nylon membranes (Hybond N ϩ , Amersham Pharmacia Biotech). RNA blot analysis was also carried out with the Human Multiple Tissue Northern blot system (CLONTECH), according to the manufacturer's protocol. The blots were probed with a 32 P nick-translated 580-base pairs (bp) human MTABC3 fragment. Hybridizations were carried out under the standard conditions. The nylon membranes were washed in 0.1ϫ SSC and 0.1% SDS at 50°C for 1 h and exposed to x-ray films at Ϫ80°C for 72 h.
Establishment of Chinese Hamster Ovary (CHO) Cells Stably Expressing MTABC3-FLAG-tag was attached at the 3Ј end of human MTABC3 cDNA in the pcDNA 3.1(Ϫ) vector (Invitrogen). The resultant plasmid vector was transfected into CHO cells by electroporation at 950 microfarads and 0.232 kV/cm. The cells were cultured in ␣MEM medium (Life Technologies, Inc.) with 10% fetal bovine serum in the presence of 400 g/ml of Geneticin for 2 weeks. Ninety-six Geneticinresistant cells were isolated and screened by genomic PCR and RNA and protein blot analyses.
Subcellular Fractionation-Discontinuous sucrose gradient fractionation of CHO cells stably expressing FLAG-tagged MTABC3 was performed with slight modifications (23) . Postnuclear supernatant (1 ml) was applied to the top of the sucrose gradients (11 ml) and centrifuged at 55,000 ϫ g for 2 h at 4°C. Each fraction (1 ml) was collected from the top fraction (fraction 1) to the bottom fraction (fraction 12). Each postnuclear fraction containing 2-20 g of protein was precipitated with 15% trichloroacetate, separated on 10% SDS-polyacrylamide gel, and subjected to immunoblot analysis.
Immunocytochemistry by Confocal Laser Microscopy-Immunofluorescence staining of CHO cells expressing FLAG-tagged MTABC3 was performed on collagen-coated coverslips. The cells were incubated for 30 min at 37°C with 25 nM MitoTracker Red CMXRos (Molecular Probes) in complete medium, fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. Immunoreactivity of MTABC3 was detected with anti-FLAG antibody (Kodak) and fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Jackson Immunoresearch Laboratories, Inc). Coverslips were mounted on glass slides using PermaFluor (Lipshaw) and examined using a Zeiss fluorescence microscope.
Yeast Strains and Media-The following S. cerevisiae strains were used in this study: YM13-1c (MAT␣ ade5 leu2 ura3 trp1 atm1-1 ( ϩ ϩ chl321 R )), CG378 0 (MAT␣ ade5 leu2 ura3 trp1 can1 ( 0 )), and IL166 -187 (MAT␣ his1 trp1 can1 ( ϩ ϩ chl321 R )), as described previously (11) . Yeast cells were grown in medium consisting of 1% yeast extract, 2% Bacto peptone (Difco), and 2% glucose (YPD) or 3% glycerol (YPGly). For selective growth, yeasts were cultured in a medium of 0.67% yeast nitrogen base without amino acids, 0.077% CSM URA (BIO101), and 3% glycerol (SCGly). Solid media were prepared by adding 2% Bacto agar (Difco) to the liquid media described above.
Analysis of MTABC3 Function-The
Walker A-encoding region of MTABC3 cDNA was mutated by a PCR-based method using oligonucleotides bearing mismatched bases at the residues to be mutated (5Ј-CCA TCT GGG GCA GCG AGG AGC ACA ATT TTG-3Ј and 5Ј-CAA AAT TGT GCT CCT CGC TGC CCC AGA TGG-3Ј for G628A and K629R, respectively) in combination with oligonucleotides (5Ј-GTT ACC AGT TAC GTC TTC CT-3Ј and 5Ј-TCT TTG AGA GGG AAG TGG CC-3Ј) (24) . Expression of the Atm1p, MTABC3, or MTABC3 double mutants was achieved by transforming YM13-1c cells with the multicopy plasmid pYES2 under control of the GAL1 promoter (25) . Isolation of yeast mitochondria and mitochondrial DNA have been described previously (26, 27) . Measurement of free iron in the mitochondria of yeast cells was performed as described previously (28) . The presence of mitochondrial DNA and genomic DNA was assessed by Southern blot analysis using whole mitochondrial DNA and Leu2 (␤-isopropyl malate dehydrogenase) cDNA as probe, respectively (11) . Mitochondrial respiratory function was assessed by spontaneous petite formation (11) . Approximately 5 ϫ 10 5 cells cultured in SCGly were inoculated into 5 ml of YPD medium, and the cells were incubated at 30°C with vigorous shaking for 48 h. Aliquots of the culture were withdrawn and spread on YPGly or YPD plates at the indicated times (Fig. 4C) . The rate of maintenance of mitochondrial respiratory function was calculated by dividing the number of colonies on YPGly plates by the number of colonies on YPD plates (11) .
Cloning of the Human MTABC3 Gene-To clone the human MTABC3 gene, a partial human liver cDNA fragment of MTABC3 (nt 1764-nt 2407) was used as a probe for screening a FIX II human lymphocyte genomic library. Using a 32 P nick-translated probe, approximately 0.9 ϫ 10 6 plaques were screened under highly stringent conditions. Two positive clones were subcloned into plasmid vectors pGEM-3Z (Promega) and sequenced using an ABI autosequencer (ABI PRISM TM ). Exon-intron boundaries were determined by a comparison of genomic and cDNA sequences. Intron sizes were determined by sequencing or PCR amplification.
Chromosomal Localization of the Human MTABC3 Gene-The human chromosomal location of MTABC3 was determined by fluorescence in situ hybridization and radiation hybrid mapping. Metaphase spreads were prepared from phytohemagglutinin-stimulated lymphocytes of a normal male. The MTABC3 genomic fragment (20 kbp) was labeled with biotin-14-dATP and used as a probe. Slide denaturation, hybridization, and washings were performed essentially as described previously (29) . Chromosomes were counter-stained with propidium iodide and 4,6-diamidino-2-phenylindole. Radiation hybrid mapping was performed using the Stanford G3 RH panel (Research Genetics) with two independent sets of primers: RH upst-1 (5Ј-ACA AGG CTT CTT GTG TAT TC-3Ј) and RH downst-1 (5Ј-CGA GGA CTG GTC AGC ATT GA-3Ј); RH upst-2 (5Ј-AGA CTC TGC AGG ACG TGT CT-3Ј) and RH downst-2 (5Ј-ACC TAA GCT TCC AAA GTG CT-3Ј). The results obtained with these two sets of primers were consistent and were sent to the Stanford Human Genome Center for mapping of the gene relative to the RH map of the human genome.
RESULTS AND DISCUSSION
In searching for a human ortholog of Atm1p, we screened the GenBank TM data base using the BLAST program (30) in human ESTs, and found two ABC proteins: one identical to ABC7 (31) and another, EST 45597. Using a partial EST 45597 as probe, a human liver cDNA library (CLONTECH) was screened. Eight of the 26 positive clones were sequenced. The composite nucleotide sequence of 2526 bp contains a single open reading frame following an in-frame termination signal upstream of the ATG, which encodes a protein of 842 amino acids with a molecular mass of 93.9 kDa that has 31.1% identity to Atm1p (Fig. 1 ). Hydropathy analysis with the PSORT program (32) Northern blot analysis revealed that human MTABC3 cDNA hybridized to the major transcript of ϳ3.4 kb expressed widely in rat tissues and various cell lines and at high levels in the testis, kidney, and cerebellum ( Fig. 2A) . In addition to the ϳ3.4-kb transcript, a transcript of ϳ4.0 kb was also detected in many tissues and at high levels in cerebellum. On the other hand, only a single transcript (ϳ3.4 kb) of MTABC3 was detected in all of the human tissues examined, and it is expressed at high levels in the heart and skeletal muscles (Fig. 2B) .
Because half-type ABC proteins are generally known to be present in intracellular organelle, we examined the subcellular localization of MTABC3. For this purpose, we established CHO cells stably expressing FLAG-tagged human MTABC3. The single immunoreactive protein MTABC3 was detected as an 80-kDa protein in fractions 9 -12, peaking at fraction 10, which coincides with the major fraction of cytochrome c oxidase subunit IV (COX IV), a molecular marker for mitochondrial fractions (Fig. 2C) . In contrast, Na/K-ATPase subunit ␣, a molecular marker of microsomal fractions, is present in fractions 5-11, peaking at fractions 6 and 7. To confirm that MTABC3 is present in the mitochondria, CHO cells expressing MTABC3 were stained with anti-FLAG antibody and MitoTracker Red CMXRos, a stain specific for mitochondria (35) , and observed under confocal laser microscopy. Immunostaining of MTABC3 revealed that it is precisely co-localized with granular wormlike mitochondrial structures (Fig. 2D) . Immuocytochemistry at the electron microscopic level confirmed that MTABC3 is found at the mitochondrial membrane (data not shown).
The role of MTABC3 in the mitochondrial function was then investigated. In previous studies, functional analyses of Atm1p and ABC7 were performed using an ATM1 disruptant that is completely defective in ATM1 function (13, 17) . In the present study, we used atm1-1 mutant cells that are partially defective in Atm1p function (11) . The atm1-1 mutant cells showed a 50-fold higher level of free iron accumulation relative to that found in the mitochondria of wild-type yeast cells, mitochondrial genome instability, and loss of mitochondrial respiratory function when grown on YPD medium for 24 h (11). We then investigated whether these phenotypic alterations of atm1-1 mutant cells could be reversed by introducing MTABC3 into atm1-1 mutant cells. The mitochondria were purified, and their iron content was determined (Fig. 3A) . The amount of free iron in mitochondria of atm1-1 mutant cells in which the control plasmid (pYES2) alone was introduced was 30.02 Ϯ 3.96 nmol/mg mitochondrial protein (Mtp). On the other hand, the amount of free iron in the mitochondria of atm1-1 mutant cells transformed with Atm1p or MTABC3 was 11.88 Ϯ 0.91 or 11.34 Ϯ 0.72 nmol/mg Mtp, respectively, with both values approximately one-third of the value found in atm1-1 mutant cells. To determine whether the compensation is specific to MTABC3 function, we examined the effect of the MTABC3 mutant on free iron content in mitochondria. Mutations of the glycine (G) and lysine (K) residues within the Walker A motif, the residues that interact with ATP, have been shown to abolish or impair the function of many ABC proteins, including CFTR (cystic fibrosis transmembrane conductance regulator), MDR1 (multidrug resistance protein-1), SUR1 (sulfonylurea receptor protein-1), and STE6 (sterile 6, a-factor mating pheromone transporter) (36 -39) , indicating that these residues are critical for the functional expression of ABC proteins. We then mutated the Walker A motif, GPSGAGKST of MTABC3 to GPSGAARST, and the resultant double mutant, MTABC3 (G628A, K629R), was introduced into atm1-1 mutant cells. As expected, the compensatory effect of the double mutant (18.05 Ϯ 1.73 nmol/mg Mtp) was significantly reduced compared with that of wild-type MTABC3 (11.34 Ϯ 0.72 nmol/mg Mtp, p Ͻ 0.05), indicating that the effect is specific for MTABC3. Thus, as does Atm1p, MTABC3 may transport Fe/S clusters from mitochondria to cytosol.
It has been shown that mitochondrial iron accumulation causes damage to mitochondrial DNA (11, 12) . To assess this damage, Southern blot analysis of mitochondrial DNA was carried out (Fig. 3B) . There is little mitochondrial DNA in atm1-1 mutant cells transformed with the pYES2 vector alone, whereas the amount of mitochondrial DNA in atm1-1 mutant cells transformed with Atm1p or MTABC3 is similar to the level in wild-type yeast cells.
Oxidative stress impairs various mitochondrial functions, including the respiratory function (40, 41) . The respiratory function has been shown to be severely impaired in atm1-1 mutant cells as assessed by petite formation (11) . We tested whether respiratory function could be maintained in atm1-1 mutant cells transformed with MTABC3 (Fig. 3C) . Only 10% of atm1-1 mutant cells transformed with control plasmid (pYES2) grown on YPD medium for 48 h maintained mitochondrial respiratory function. In contrast, 80% of the Atm1p or MTABC3 transformed cells maintained respiratory function under the same culture conditions. In addition, only 30% of atm1-1 mutant cells transformed with the double mutant MTABC3 (G628A, K629R) maintained respiratory function.
We have identified a novel human ABC protein present in the mitochondria, designated MTABC3. Atm1p, which was identified in S. cerevisiae, was the first member of the ABC protein family to be found in mitochondria (7) . Atm1p is located in the mitochondrial inner membrane and functions as an exporter of Fe/S clusters (14) , suggesting that Atm1p could play a critical role in iron homeostasis in mitochondria. ABC7 and M-ABC1, two other human ABC proteins present in the mitochondria, have recently been reported (17, 18) . ABC7 has been shown to be involved in iron homeostasis, but the functional role of M-ABC1 is not known. Because there is 31% amino acid identity between human MTABC3 and yeast Atm1p, human MTABC3 could be a functional ortholog of yeast Atm1p. In atm1-1 mutant cells (11) , there is accumulation of free iron in the mitochondria, mitochondrial DNA damage, and respiratory dysfunction. To investigate the functional roles of MTABC3, we transformed atm1-1 mutant cells with human MTABC3. We found that all the phenotypic consequences in atm1-1 mutant cells can be reversed by the expression of human MTABC3 in the cells, supporting the possibility that MTABC3 is a functional ortholog of Atm1p. Interestingly, although the iron accumulation is only partially reversed (Fig. 3A) , the damage of mitochondrial DNA (Fig. 3B ) is almost fully reversed by the double mutant MTABC3 (G628A, K629R) in atm1-1 mutant cells. This indicates that the degree of mitochondrial DNA damage does not parallel the accumulation of iron in the mitochondria, suggesting that the mitochondrial DNA damage is a defect secondary to the oxidative damage caused by the accumulation of iron in the mitochondria (11, 12) . ABC7 and MTABC3 can both substitute for Atm1p in yeast. However, XLSA/A is caused by a mutation of the ABC7 gene alone (19) , indicating that MTABC3 cannot substitute for ABC7 and that the function of MTABC3 is different from that of ABC7. Although all characterized half-type ABC proteins function as dimers, it is not known at present whether MTABC3 functions as a homodimer or a heterodimer with ABC7 or unidentified half-type ABC proteins.
MTABC3 has only one NBF, indicating that, like Atm1p and ABC7, it belongs to the half-type ABC protein subfamily. It has been suggested that both Atm1p and ABC7 have six putative membrane-spanning regions, with the NBF of both proteins located in the matrix of the mitochondria (7, 16) . Considering the functional similarity between ABC7 and MTABC3, the NBF of MTABC3 may also be located in the matrix of the mitochondria. Although hydropathy analysis using the PSORT program (28) suggests the presence of eight putative membrane-spanning regions in MTABC3, the details of membrane topology must await further biochemical analysis. All of the ABC proteins identified to date in the intracellular organelle of mammalian cells are half-type ABC proteins (1, 10, 17, 18) .
Mutations of ABC proteins are known to cause many disorders, including cystic fibrosis, persistent hyperinsulinemic hypoglycemia of infancy, and adrenoleukodystrophy (3, 42, 43) . Like a mutation of the ABC7 gene in XLSA/A (19), mutations of MTABC3 might also be associated with disorders of iron metabolism. As a first step in determining the role of the MTABC3 gene in the development of genetic disorders, we cloned the human MTABC3 gene and determined the exon/intron boundaries (available as supplementary information in the on-line version of this article). The human MTABC3 gene spans ϳ11 kbp and has 19 exons in the protein-coding region (Fig. 4A) . Fluorescence in situ hybridization reveals that the human MTABC3 gene is located at chromosome 2q36 (Fig. 4B) . Radiation hybrid mapping further narrows the region to between D2S1297 and SHGC-32531 (Fig. 4C) . Interestingly, lethal neonatal metabolic syndrome, a disorder of mitochondrial function associated with iron metabolism, has been mapped between D2S164 and D2S163 (20, 21) . Thus, the human MTABC3 gene is a strong candidate for the causal gene in this disorder. Cloning of the human MTABC3 cDNA and gene and its functional characterization should facilitate studies of its roles in mitochondrial function as well as in the development of lethal neonatal metabolic syndrome.
